Aiming at the problem of crosstalk in high-speed interconnects, a non-crosstalk scheme based on coupled transmission lines-channel transmission matrix (CTL-CTM) is proposed. In this scheme, the transmitted signals are linear combination transformed at the transmitting end of the interconnect lines where the transmission signals among the interconnect lines constitute an orthogonal mode. After the signals have synchronously transmitted to the receiving end, second linear combination transformation is performed to restore the transmitted signals. Simulation results show that this low cost circuit proposed is capable of improving the quality of eye diagram and eliminating the crosstalk obviously.
INTRODUCTION
With the increase in the density and rate of integrated circuit and printed circuit board (PCB), the crosstalk caused by interconnect lines has become more prominent, which has seriously restricted the development of high-speed circuits. Crosstalk is one of the four types of signal integrity problems, which badly affects the transmission performance of signals in multiple channels in high-speed interconnects [1] [2] [3] .
The physical reason of crosstalk is the mutual capacitance and inductance between the attack line and the victim line. When the transmission line operates at a higher frequency (The digital signal rate is high), the rise and fall time of the signal is small. Hence severe crosstalk is generated because of the instantaneous voltage conversion, and the closer the distance between the two transmission lines is in the wiring space, the greater the mutual inductance and capacitance will be produced, in which more serious crosstalk will be caused. Crosstalk constrains high-speed signal interconnection and becomes a bottleneck problem. Many measures have been taken into account for suppressing crosstalk on the victim line, such as reducing crosstalk by suppressing electromagnetic coupling between transmission lines [4] [5] [6] [7] [8] [9] , but such methods have limited effectiveness and narrower application range. In addition, crosstalk is reduced from the perspective of signal transmission [10] [11] [12] [13] , which has better crosstalk cancelation effect but more complicated circuit implementation. The common purpose of two methods is to reduce the impact of crosstalk on the entire interconnect system, namely to eliminate interference from crosstalk to useful signals. Based on these, [14] , constructing inverse matrix with the mathematical point to eliminate interference from crosstalk to normal signal, studied the establishment of a coupled transmission lineschannel transmission matrix on the interconnection system, in which crosstalk cancelation method that is simpler in circuit and better in effect for two coupled microstrip lines has been given. However, in the CTL-CTM established by this method, the attenuation caused by the crosstalk coupling to the local signal is not considered because the transfer function is approximated. Actually, the signal itself will cause decay since a portion of the signal energy is coupled to the adjacent lines. In order to overcome the inaccurate construction of diagonal elements in CTL-CTM, this paper constructs an accurate CTL-CTM matrix with considering the microstrip line transfer function and far-end crosstalk transfer function as a whole. Motivated by these, an interconnection scheme for linearly combining signals at the transmitting end and the receiving end of the interconnect lines is proposed, which is capable of achieving high-speed interconnects with non-crosstalk, simpler circuit, and lower cost.
INTERCONNECTED MODEL BASED ON CTL
First, the proposed architecture is shown in Fig. 1 . The signals on the lines are transmitted in the same direction. The two inputs x 1 , x 2 are transmitted, and X 1 (ω), X 2 (ω) are corresponding to frequency domain; y 1 , y 2 are received signal, and Y 1 (ω), Y 2 (ω) are corresponding to frequency domain. According to the relationships between the transmission and crosstalk in the interconnect system, a transfer function can be used to describe the signal relationship among the ports. Assuming that H(ω) is the transfer function of the microstrip line and that C(ω) is a far-end crosstalk transfer function, the frequency domain relationships are defined as
Rewrite Eq. (1) in the form of a matrix and a vector.
According to Eq. (2), the channel transmission matrix between two parallel coupled microstrip lines can be given by
Since the transfer function has the same physical meaning as the S-parameter in the interconnect lines, under the weak coupling and 3W rule (The distance from one center point to the other of the adjacent transmission lines is three times the line width), H(ω) and C(ω) are as shown in Eqs. (4) and (5) [15] .
where Δβ = β e − β o ; β e , β o are respectively the even mode and odd mode propagation constants, and l is the coupled length. Substituting Eqs. (4) and (5) into Eq. (3), the specific form of the channel transmission matrix can be written as 
INTERCONNECTION SCHEME OF NON-CROSSTALK
To obtain signal non-crosstalk transmission, a high-speed interconnect model without crosstalk is constructed as shown in Fig. 2 . In Fig. 2 , applying linear combination transformation to the signals respectively in the input and output ends of the transmission lines makes them form an orthogonal mode. After the signals are synchronously transmitted to the receiving end, the second linear combination transformation is performed, reconstructing a transmission signal. Two linear combination transformations based on the eigenvalue decomposition (EVD) form of CTL-CTM need to be constructed, and the specific process is as follows. H is a normal matrix by Eq. (6), whose EVD is decomposed as follows:
The Λ matrix formed by the eigenvalues of H matrix is as shown in Eq. (8), and the U matrix composed of the eigenvectors of Λ matrix is as shown in Eq. (9) .
The linear combination transformation in Fig. 2 can be realized by Eq. (9) based on an orthogonal matrix of U. After transformation, the transmission signals on the two microstrip lines are as shown in Eq. (10) and are in orthogonal mode because the transmitted signals are random digital signals.
After the linear combination transformation is performed on both the transmitted and received ends of the interconnect system, the relationship between the received and transmitted signals is
As can be seen from Eq. (11), when the off-diagonal elements of the channel transmission matrix are zero after increasing the linear combination transform, the crosstalk is canceled. The crosstalk signal caused by the adjacent coupling does not exist in the received signal. The two coupled signals are independent, and all distortionless channel transfer functions are as shown
The specific circuit implementation of non-crosstalk scheme of two parallel microstrip lines in highspeed interconnects according to Eq. (9) is shown in Fig. 3 where the specific parameters are marked. As can be seen from Fig. 3 , the circuit implementation of the scheme is simple. 
SIMULATION RESULTS AND ANALYSIS
The validity of the proposed method is simulated and verified by utilizing advanced design system (ADS) software. The MACLIN2 of TLines-Microstrip has been used to create two microstrip lines in parallel. The architecture parameters are marked as Fig. 4 : width of the microstrip line w = 20 mil, distance between adjacent microstrip lines s = 60 mil (s = 3w), medium height d = 22 mil, dielectric constant ε r = 4.5, magnetic permeability μ r = 1, dielectric loss angle tangent tan δ = 0.02, and length of the microstrip line l = 16 inch. The conductor is copper. In addition, the characteristic impedance of microstrip line is 50 Ω. The circuit is arranged as shown in Fig. 3 . The transmission rate of input data through microstrip line is set as 5 G bit/s. The rise/fall time is 20 ps, and the input data are pseudo-random sequence. The eye diagrams of the receiving signal in microstrip lines are simulated. Since crosstalk respectively superimposed on the edge and symbol level of the victim signal will generate jitter and amplitude noise, this paper simulates the eye diagrams of the two signals in the case of synchronization and half-symbol phase difference. The results are shown in Fig. 5 . In both cases, the eye diagram of received signal is basically the same after using this method, as shown in Fig. 5(c) that is compared with Fig. 5(a) and Fig. 5(b) .
It can be observed that the jitter caused by the crosstalk is eliminated, and the width and height of the eye diagram are restored when the two transmitted signals are synchronized. The eye diagram affected by the crosstalk is rarely open when the two transmitted signals have half-symbol phase difference. However, jitter and noise are eliminated after linear combination transformation transmitting.
The simulation results clarify that the proposed method is capable of achieving non-crosstalk in the high-speed interconnects, which suppresses the jitter and noise of crosstalk. At the same time, comparing the method in this paper with in [12] [13] [14] can be concluded that the circuit architecture advantage is simpler, and crosstalk cancelation effect is pretty good, easier to implement, and lower in cost under the premise of having the same signal transmission effect.
CONCLUSION
In this paper, a non-crosstalk scheme in high-speed interconnects has been proposed to overcome the shortcomings caused by approximating the transfer function on the microstrip line. This scheme takes advantage of the signal linear combination transformation for crosstalk cancelation to achieve highspeed signal transmission without crosstalk. The simulation results show that the quality of the eye diagram of the received signal is better, and the circuit architecture is simpler and in lower cost, which is capable of providing a technical reference for solving the crosstalk bottleneck problem in high-speed interconnects. The specific CMOS circuit implementation of this method and the crosstalk cancelation scheme between multiple transmission lines will be discussed in our future works.
